HIV-1 establishes infection in CD4^+^ T cells^[@R1],[@R2],[@R7]^, generating a latent reservoir with an extremely long half-life (44 months) that necessitates life-long treatment^[@R4],[@R8]^. Efforts to eradicate this reservoir include the "shock-and-kill" approach in which latent proviruses are induced so that infected cells can be eliminated^[@R9],[@R10],[@R11]^. The latent reservoir was initially defined using a quantitative viral outgrowth assay (QVOA)^[@R1],[@R8],[@R12],[@R13]^. PCR can also detect proviral DNA^[@R14]--[@R16]^. However, the QVOA and PCR assays correlate poorly^[@R17]^. We recently examined discrepancies between the assays by sequencing *gag*^+^ proviruses from QVOA wells negative for viral outgrowth^[@R6]^. Most proviruses were defective, but 12% were intact, and some of these could be reactivated following a second round of T cell activation^[@R6]^. However, these studies were limited to individuals who initiated ART late in the course of infection and only analyzed *gag*^+^ proviruses in cells that had been expanded for weeks in culture^[@R6]^. As immediate ART is now recommended for all infected individuals^[@R18]^, and since the size and perhaps other characteristics of the reservoir differ in individuals treated early versus late in infection^[@R19]--[@R21]^, we sought to define the composition of proviral populations in individuals treated during acute infection. As cure efforts advance, it is essential to understand how defective proviruses accumulate, persist in individuals and affect reservoir assay measurements. Therefore, we conducted a proviral analysis in unmanipulated samples from HIV-1 infected adults treated at different stages of infection.

We developed a novel, unbiased single genome amplification method that captures intact and defective proviruses. Since deletions likely occur during minus strand synthesis before the second strand transfer event of reverse transcription, primers were designed to capture deletions arising during this process ([Fig. 1a](#F1){ref-type="fig"})^[@R22]--[@R24]^. PCRs were performed at limiting dilution to prevent *in vitro* recombination and competition between short and long templates. Following the near full length outer PCR, *gag* and *env* inner PCRs were used to confirm clonality, and six overlapping inner PCRs were performed on all wells at limiting dilution ([Fig 1b](#F1){ref-type="fig"}). PCR products were directly sequenced to minimize PCR-induced error.

We examined proviral DNA in purified resting CD4^+^ T cells from ten subjects initiating ART during the chronic phase of infection (CP; ART started \>180 days after infection) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Analysis was performed on freshly isolated cells to prevent bias from *in vitro* expansion. Strikingly, 98% of proviruses were defective ([Fig. 1c,d](#F1){ref-type="fig"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). The most common defects were internal deletions (80%), which varied in size (15 bp to \~8 kb) and in location in the genome. Some proviruses had 3′ deletions affecting the *env*, *tat*, *rev* and *nef* genes. We also identified proviruses with 5′ deletions affecting *gag* and *pol* and others with very large deletions (\>6 kb) encompassing most HIV-1 genes ([Fig. 1c,d](#F1){ref-type="fig"}). The 5′ deletions and very large deletions, representing 40% of all sequences, were not identified in a previous screen because they contain deletions in the *gag* gene^[@R6]^. Proviruses with small (15-97bp) deletions at the packaging signal and major splice donor site represented 5% of sequences ([Fig. 1d](#F1){ref-type="fig"}). These proviruses are likely replication-defective due to failure to correctly make spliced HIV-1 RNAs or to package genomes into virions^[@R6]^. Some clones contained multiple deletions suggesting multiple template switching events during reverse transcription ([Fig. 1c](#F1){ref-type="fig"}) and others contained sequence inversions or insertions ([Fig. 1d](#F1){ref-type="fig"}). For each type of deletion, proviruses with sequence homology at the deletion junctions were found ([Fig. 1e](#F1){ref-type="fig"}), consistent with template switching during reverse transcription^[@R25]^. In control experiments, plasmids containing reference (NL4-3) or patient-derived proviruses were diluted into human genomic DNA and amplified by the same procedure with no defects observed (data not shown). Additionally, deletions showed nonrandom distribution within the HIV-1 genome with distinct hotspots ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}) and we observed identical deletions in independent amplifications from the same subject, reflecting clonal expansion of infected cells (see below). Taken together, these results indicate that the deletions we observe occurred *in vivo* and do not result from PCR recombination. We also identified 7% of proviruses with APOBEC3F/G-induced hypermutation and an additional 8% with both deletions and hypermutation, indicating that these processes can occur together during reverse transcription ([Fig. 1d](#F1){ref-type="fig"}). Almost all hypermutated proviruses contained mutated start codons for the *gag*, *gag-pol* and *nef* ORFs due to the presence of an obligatory position 2 glycine codon which creates the APOBEC3G consensus site, A[TGGG]{.ul}T^[@R26],[@R27]^. Additionally, all hypermutated sequences had multiple internal stop codons in the larger ORFs (*gag*, *gag-pol*, *env*, *nef*) and only a small fraction could make functional gene products ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). These defects and common deletions affecting key viral ORFs ([Fig. 1c,d](#F1){ref-type="fig"}) likely prevent many defective proviruses from being eliminated by eradication strategies that depend on viral protein expression. All subjects had undetectable viral loads (\<50copies/mL) for \>8 months prior to sampling and all but one had low frequencies of 2LTR circles in cells (\< 25 copies/10^6^ resting CD4^+^ T cells), which represented less than 8% of the total number of infected cells ([Supplementary Fig. 4a,b](#SD1){ref-type="supplementary-material"}). The labile nature of linear unintegrated HIV-1 DNA and the low level of 2LTR circles suggest the majority of the sequences examined were integrated proviruses^[@R28]^. Of 152 near full-length sequences examined, only 3 sequences were intact (2%). These data indicate that defective proviruses are much more common than previously shown ([Fig. 1d](#F1){ref-type="fig"}).

Since the dynamics of proviral accumulation remain unclear, we sought to determine how rapidly defective proviruses accumulate. We examined the proviral populations in subjects treated during the acute/early phase of infection (AP; ART started within 100 days in all subjects and within 60 days in 8 of 9 subjects) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Surprisingly, only 7% of proviruses were intact, even in subjects 2453, 2454, 3693, and 2443 who initiated ART within the first few weeks of infection ([Fig. 2a,d](#F2){ref-type="fig"} and [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Although, the number of individuals subjected to this extensive analysis was small, the results were very consistent between subjects. The remaining proviral sequences contained defects similar to those in CP-treated subjects ([Fig. 2a,d](#F2){ref-type="fig"}) and there was no significant difference in the fraction of intact proviruses compared to CP-treated subjects ([Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}). AP-treated subjects had a higher fraction of hypermutated sequences (35% vs. 14%, *P* = 0.0036, [Supplementary Fig. 6b](#SD1){ref-type="supplementary-material"}) and a significantly lower fraction of deleted sequences (57% vs. 82%, *P* = 0.0028, [Supplementary Fig. 6c](#SD1){ref-type="supplementary-material"}) suggesting that hypermutation is particularly important during acute infection, perhaps due to upregulation of APOBEC3G/F by type I interferons^[@R29]--[@R31]^. Interestingly, defects are even detectable in a single round of *in vitro* infection (41% of sequences, [Fig. 2b,d](#F2){ref-type="fig"}). Consistent with this result, we readily detected defective proviruses in unfractionated CD4^+^ T cells from viremic subjects in the chronic phase of infection, representing 65% of sequences ([Fig. 2c,d](#F2){ref-type="fig"}). In these subjects, the provirus populations include both proviruses in newly infected cells and archived proviruses in the reservoir. These results indicate that defective proviruses are likely generated during the initial rounds of replication after transmission, as defective proviruses are generated at a high frequency from the process of reverse transcription ([Fig. 2b](#F2){ref-type="fig"}). Since many of the proviruses identified have defects that would preclude high-level expression of viral genes, cells carrying these proviruses would likely be less susceptible to elimination through viral cytopathic effects or lysis by cytotoxic T lymphocytes. Thus even individuals treated very early have large numbers of defective proviruses. Together, these results demonstrate that defective proviruses arise commonly, accumulate rapidly within two to three weeks after infection, and persist *in vivo*.

Proliferation of cells carrying replication-competent proviruses could be a major barrier to eradication^[@R32]--[@R34]^. Integration-site analysis, pioneered by Schröder et al.^[@R35]^, has provided important evidence for proliferation of infected cells *in vivo* but does not reveal whether the proviruses are replication-competent^[@R33],[@R34],[@R36]^. Our unbiased analysis allowed us to detect expanded cellular clones *in vivo* and evaluate the presence of defects. Among 312 sequences from 9 AP- ([Fig. 3a](#F3){ref-type="fig"}) and 10 CP-treated subjects ([Fig 3b](#F3){ref-type="fig"}), 38 were from expanded cellular clones identified as identical sequences arising from independent amplifications. Importantly, all contained gross defects that preclude replication. In subjects 2529, 2609, CP03, CP05, and CP10, expanded clones represented over 25% of all the sequences ([Fig. 3c,d](#F3){ref-type="fig"}). Subject 2521 contained an expanded clone representing 11% of all proviral sequences ([Fig. 3a,c](#F3){ref-type="fig"}) after just 17 months of infection and 8 months on suppressive ART, indicating expanded clones do not require years to accumulate to large proportions. Our results indicate the majority of expanded clones are defective. However, considering that \<7% of proviruses are intact, rare expanded clones may carry replication-competent virus and contribute to HIV-1 persistence, as was seen in a recent clinical case study^[@R37],[@R38]^. Although cells harboring defective proviruses can undergo clonal expansion with minimal consequences to the host cells, cells harboring replication-competent viruses could likely expand through either activation of the cell but not the provirus^[@R39]^ or possibly proliferation and survival of the cells despite viral gene expression and virion production.

Our analyses show that the fraction of intact proviruses is much lower than originally thought even in individuals treated early. We have previously shown that intact proviruses replicate well *in vitro* when reconstructed^[@R6]^. Furthermore, when wells that were negative for viral outgrowth in the VOA were reactivated, additional replication competent virus was isolated^[@R6]^. These data taken together suggest that some if not all of these intact proviruses are competent for viral replication and that the number of intact proviruses is likely the closest estimate to the true size of the latent reservoir. Given these results, we sought to more accurately estimate the true reservoir size in AP- and CP- treated individuals, as defined by the number of intact proviruses, and compare that result to current assays such as the QVOA and DNA PCR. We used a validated droplet digital method for proviral DNA with *gag* primers^[@R14],[@R40]^ (*gag*^+^ proviruses) and corrected for proviruses deleted in *gag* (total number of infected cells). The DNA PCR assay gave infected cell frequencies dramatically higher than the frequency of cells with intact proviruses (*P* \< 0.0001 for CP-treated; *P* \< 0.0001 for AP-treated subjects). The QVOA gave infected cell frequencies that were dramatically lower than the frequency of cells with intact proviruses (*P* \< 0.001 for CP-treated; *P* \< 0.01 for AP-treated subjects) ([Fig. 4a,b](#F4){ref-type="fig"}). We found that the QVOA potentially underestimates the latent reservoir by a median of 27-fold in CP-treated subjects and 25-fold in AP-treated subjects ([Fig. 4c](#F4){ref-type="fig"}). However, DNA PCR overestimated the reservoir size by a median of 188-fold in CP-treated subjects and 13-fold in AP-treated subjects ([Fig. 4c](#F4){ref-type="fig"}). Importantly, there was no correlation between the number of intact proviruses and either the QVOA or DNA PCR results ([Supplementary Fig. 7a--c](#SD1){ref-type="supplementary-material"}). Additionally, the relationships between the QVOA, intact proviruses, and proviral DNA varied greatly from person to person in both CP-([Fig. 4d](#F4){ref-type="fig"} and [Supplementary Fig. 7d](#SD1){ref-type="supplementary-material"}) and AP-treated subjects ([Fig. 4e](#F4){ref-type="fig"} and [Supplementary Fig. 7e](#SD1){ref-type="supplementary-material"}). This precludes the use of either the QVOA or DNA PCR as a surrogate marker for the number of intact proviruses, which is likely the closest estimate of the true size of the latent reservoir.

This unbiased screen demonstrates that the fraction of intact proviruses is considerably smaller than previously shown and that defects accumulate as early as two to three weeks after infection. Although surprising, the rapid accumulation is consistent with the observation that defects can be observed in 40% of proviruses generated in a single round *in vitro* infection ([Fig. 2d](#F2){ref-type="fig"}) and the fact that cells harboring defective proviruses may be less susceptible to immune clearance or cytopathic effects. With these new data, we were able to revise our estimates of the reservoir size in both CP- and AP-treated individuals. If all intact proviruses can be induced *in vivo*, the true size of the latent reservoir would be on average 12 infectious proviruses (median of AP-treated) in acute/early treated individuals and 37 infectious proviruses (median of CP-treated) per million resting CD4^+^ T cells in chronically treated individuals, with substantial person-to-person variation. Furthermore, our results change our understanding of the impact of early ART on the proviral landscape. While early ART initiation limits the size of the latent reservoir, it does not have a profound impact on the composition of proviral populations, with the vast majority of proviruses in both CP- and AP-treated adults containing defects. Finally, these results have implications for assessing HIV-1 cure strategies. Since there is no correlation between the QVOA or DNA PCR and the number of intact proviruses, these assays cannot be used to accurately predict the true reservoir size, even in individuals treated early in infection. Indeed any analysis of subgenomic regions of proviruses to evaluate viral evolution or reservoir reduction must be reconsidered in this context, since the majority of sequences studied will be from defective proviruses^[@R41]^. Importantly, since the nature of the defects described here indicates that many defective proviruses may not be eliminated by eradication strategies, defective proviruses could obscure the measurement of real changes in the rarer intact proviruses that must be eliminated to achieve a cure.

Online Methods {#S1}
==============

Study subjects {#S2}
--------------

The Johns Hopkins Institutional Review Board and the UCSF Committee on Human Research approved this study. All participants provided written consent prior to enrollment. Nineteen HIV-1 infected individuals who met the criteria of suppressive ART and undetectable plasma HIV-1 RNA level (\< 50 copies per mL) for a minimum of 8 months were enrolled. Ten of these participants were recruited from the SCOPE and OPTIONS cohorts at the University of California, San Francisco. CP-treated subjects are defined as subjects starting ART \>180 days from the estimated date of infection. AP-treated subjects started ART \< 100 days after the estimated date of infection. Viremic subjects were either untreated or had viral loads \> 4000 copies/ml on ART. [Supplementary Table 1](#SD1){ref-type="supplementary-material"} details the characteristics of study participants.

Isolation of resting CD4^+^ T lymphocytes {#S3}
-----------------------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated using density centrifugation on a Ficoll-Hypaque gradient. CD4^+^ T cells were isolated from PBMCs using a negative selection method (CD4^+^ T cell Isolation Kit II, Miltenyi Biotec). Resting CD4^+^ lymphocytes (CD4^+^, CD69^−^, CD25^−^ and HLA-DR^−^) were enriched by a second negative depletion (CD25^−^Biotin; Anti-Biotin MicroBeads; CD69 MicroBead Kit II; Anti--HLA-DR MicroBeads, all from Miltenyi Biotec). Resting CD4^+^ cell purity was consistently \>95% as assessed using flow cytometry.

DNA extraction and limiting dilution PCR {#S4}
----------------------------------------

DNA was extracted from 2 x 10^6^ resting CD4^+^ cells using the Qiagen Gentra Purgene Cell Kit A, which allows for extraction of large fragments of \~200kb in size so as to minimize fragmentation of HIV-1 genomes. DNA was subjected to a nested limiting dilution PCR protocol modified from Ho et al. using Platinum Taq HiFi Polymerase (Life Technologies)^[@R6]^. The outer PCR was nearly full-length from HXB2 coordinates 623 to coordinates 9,686 and employed a touchdown PCR protocol. The outer PCR wells were diluted 1:3 with DI water and 1μL of outer PCR DNA was used for nested amplification of both *gag* and *env* to determine clonality. Clonality was determined using Poisson statistics and at dilutions giving a high probability of clonality (*P* \> 0.85), all outer PCR wells, including those that were negative for *gag* and *env*, were subjected to six inner PCRs. 1μL of outer PCR DNA was used for each nested PCR reaction. A detailed PCR protocol and primer sequences and locations can be found in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}. PCR products were visualized on 1% agarose gels. The products were directly sequenced to minimize PCR-induced error using the QIAquick Gel Extraction Kit followed by Sanger sequencing. Sequencing reads from the six overlapping nested PCRs were aligned and compared to the reference genome HXB2 using CodonCode Aligner software to reconstruct near full-length sequences and identify defects. Hypermutation was determined using the full-length sequence for each clone and the Los Alamos hypermut algorithm^[@R42]^. Some hypermutated clones had extensive hypermutation that prevented full sequencing of the entire genome. Since the PCR products were correctly sized on an agarose gel, the sequences were inferred to be full-length hypermutated. We were able to directly map the majority of deletions by direct sequencing of PCR products generated with primers flanking the deletion junction. Some very large internal deletions were identified despite deletion of some inner primer binding sites. Observed bands likely resulted from exponential amplification in the outer PCR and linear amplification in inner PCRs. These deletions were confirmed through sequencing bands from multiple inner PCRs, all of which showed the exact same deletion product.

*In vitro* infections {#S5}
---------------------

HIV-1 negative donor CD4^+^ T cells were isolated as above and activated with phytohaemagglutinin (PHA) (0.5ug/mL) for 3 days in IL2-containing medium^[@R43]^. Cells were infected with replication-competent HIV-1 Ba-L virus (300 ng p24/10^6^ cells) by spinoculation (2 hrs, 37°C, 1200 x g). Cells were then suspended at 3 x 10^6^/mL in IL2-containing medium and incubated for 6 days at 37°C. Following the incubation, supernatant was collected, and stored at −80°C. 25 x 10^6^ HIV-1 negative donor CD4^+^ T cells were activated by αCD3/αCD28 stimulation for 72 hours in IL-2-containing medium as previously described^[@R43]^. Activated cells were suspended in 2.5mL of IL-2-containing medium and distributed in 100μL aliquots into a 96-well v-bottom plate. A 500ng inoculum of HIV-1 Ba-L was added to each well and cells were infected by spinoculation (2hrs, 37°C, 1200 x g). Following the spinoculation, cells were suspended in 40mL of IL2-containing medium supplemented with enfuvirtide (10uM) to prevent additional rounds of viral replication. Following a two day incubation at 37°C, genomic DNA was isolated and analyzed as above.

Quantitative viral outgrowth assay {#S6}
----------------------------------

The QVOAs were performed as previously described^[@R1],[@R12],[@R13]^. MOLT-4/CCR5 cells were added on Day 2 of the culture^[@R13]^ and the culture supernatants were examined using the standard protocol, which involves an ELISA for the p24 viral capsid protein (PerkinElmer) after 21 days^[@R12]^. HIV-1 RNA in the culture supernatant was not measured. MOLT-4/CCR5 cells were obtained from NIH AIDS reagent program, were negative for mycoplasma contamination, and were stained to verify expression of CD4, CXCR4, and CCR5. Infectious units per million cells (IUPM) values were calculated using IUPMStats^[@R44]^. If all culture wells were negative for viral outgrowth, the median posterior estimate of infection frequency was used.

Droplet digital PCR {#S7}
-------------------

DNA was extracted from 5--10 x 10^6^ resting CD4^+^ T cells using the QIAamp DNA Blood Mini Kit. DNA was fragmented and a duplex droplet digital PCR was performed with primers in the *gag* gene as well as primers for 2LTR circles as previously described^[@R14],[@R40]^. For pt. 2609, primers in the *pol* gene were used instead as the gag PCR primers and probes contained multiple mismatches with the patient sequence and did not amplify^[@R40]^. Measurements of the cellular gene RPP30 in a replicate well by ddPCR were used to calculate the frequency of resting CD4^+^ T cells. The frequency of *gag*^+^ DNA and 2LTR circles were plotted as a frequency per 10^6^ resting CD4^+^ T cells. In the case of a negative 2LTR circle measurement, the lower limit of detection was determined using the total cellular input for that sample. Since many of the proviruses examined were *gag* negative, we also estimated the total number of infected cells in study subject resting CD4^+^ T cells as the copies of *gag*^+^ proviral DNA divided by the fraction of proviruses detected that were *gag*^+^. For Pt. 2609 the total number of infected cells was estimated as the copies of *pol*^+^ proviral DNA divided by the fraction of proviruses detected that were *pol*^+^ since the *gag* PCR primers did not amplify.

Bayesian analysis to calculate number of intact proviruses {#S8}
----------------------------------------------------------

The proportion of intact genomes for each subject was estimated using an Empirical Bayesian analysis, with prior distributions generated separately for the acute and chronic subject cohorts. The proportion of clones identified as intact was calculated for each subject, and the mean and variance of this measurement were used to generate beta prior distributions with the same mean and variance. The proviral genome sequences were treated as Bernoulli trials, with intact clones counted as successes. The final estimate for the percent of intact genomes for each subject was calculated as the expected value of the posterior distribution. The number of intact proviruses was calculated as the frequency of cells with total HIV-1 DNA times the frequency of intact proviruses estimated for each subject using an empirical Bayesian model.

Correlation plots {#S9}
-----------------

All data sets except the percent of intact proviruses followed a log distribution and were log transformed. The log transformed data met the D'Agostino-Pearson test for normal distribution, and Pearson correlations were performed on log transformed data. For the QVOA data in which one of the samples was below the limit of detection, the median posterior estimate of infection frequency was plotted instead. *P* \< 0.05 was considered statistically significant. GraphPad Prism software was used to perform all statistical tests and correlation plots.
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![Proviral sequences in chronically-treated subjects are highly defective. (**a**) Schematic of strand transfer events during reverse transcription relative to the HIV-1 genome. Deletions occur during minus strand synthesis before the second strand transfer event by the same copy choice mechanism that leads to recombination^[@R25]^. (**b**) Unbiased full genome sequencing strategy based on mechanistic considerations in (a) to capture the majority of defective proviruses. Bands from representative proviruses with a 5′ deletion, an intact sequence, and a 3′ deletion are shown. (**c**) Maps of proviral clones from three representative subjects treated during the chronic phase of infection. Each horizontal bar represents an individual clone identified through full genome sequencing. In cases where a deletion could not be precisely mapped due to a deletion encompassing multiple forward or reverse primer binding sites, the possible maximum and minimum deletions sizes are plotted (in grey). If sequencing data shows a mapped deletion that removes primer-binding sites for other amplicons, the resulting missing sequence was inferred to be present (light blue or green). A pink arrow denotes full-length, genetically intact sequences. Black asterisks indicate likely full-length hypermutated proviruses that were not fully sequenced due to extreme hypermutation. See [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} for maps of proviruses from seven additional subjects. (**d**) Summary of 152 proviral sequences. (**e**) Short repeats (underlined) identified on both ends of the deletion junctions are consistent with a copy choice mechanism of recombination resulting in deletion of the intervening sequence and one homology region (/number of basepairs deleted/).](nihms800456f1){#F1}

![Defective proviruses accumulate rapidly during the course of HIV-1 infection. (**a---c**) Maps of independent proviral clones. Each horizontal bar represents an individual clone identified through full genome sequencing. In cases where a deletion could not be precisely mapped, likely due to a deletion encompassing multiple forward or reverse primer binding sites, the maximum and minimum deletions sizes are plotted (in grey). If sequencing data shows a mapped deletion that removes primer-binding sites for other amplicons, the resulting missing sequence was inferred to be present (light blue or green). A pink arrow denotes full-length, genetically intact sequences. Black asterisks indicate likely full-length hypermutated proviruses that were not fully sequenced due to extreme hypermutation. (**a**) Sequences from resting CD4^+^ T cells of three representative subjects treated during acute/early infection (9 subjects total studied). For additional acute/early subject sequences, see [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}. (**b**) Sequences identified following a single round of *in vitro* infection of healthy donor CD4^+^ T lymphoblasts with HIV-1 (Ba-L isolate). (**c**) Sequences from CD4^+^ T cells from viremic subjects in the chronic phase of infection. (**d**) Summary of all proviral sequences identified from each study population.](nihms800456f2){#F2}

![Expanded clones identified in chronically and acutely treated subjects are grossly defective. (**a,b**) Maps of expanded HIV-1 clones identified in resting CD4^+^ T cells from subjects treated in acute (**a**) or chronic (**b**) infection. Expanded clones are defined as clones amplified in completely independent PCR reactions from a single subject that are identical at every nucleotide. The frequency of each clone is shown relative to the total number of clones identified in that subject. Colored boxes denote the subject in which each expanded clone was identified (see c,d) (**c,d**) Proportion of sequences from subjects treated during acute (**c**) or chronic (**d**) infection that are expanded clones. The number of sequences examined for each subject (n) is noted. Expanded clones (purple/blue) are shown as a percentage of total sequences from the relevant subject.](nihms800456f3){#F3}

![Current assays significantly underestimate or overestimate the size of the latent reservoir. (**a,b**) Comparison of different reservoir measurements in resting CD4^+^ T cells from subjects starting ART during chronic (**a**) or acute (**b**) infection. The frequency of infected cells was measured by QVOA, which detects cells that release infectious virus after one round of T cell activation and is reported as the number of infectious units per million resting CD4^+^ T cells (IUPM). For individuals in whom the IUPM was below the limit of detection, the median posterior estimate of infection frequency was plotted instead (open symbols). The predicted total number of infected cells was calculated for each subject by correcting the ddPCR result (*gag*^+^ proviruses) for the fraction of proviruses with deletions in *gag*. The frequency of cells with intact proviruses was calculated as the frequency of infected cells times the fraction of intact proviruses estimated for each subject using an empirical Bayesian model. Open symbols indicate subjects in which no intact proviruses were detected. Horizontal bars indicate median values. Statistical significance was determined using a two-tailed paired t-test and the variance was similar between groups. \**P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001; \*\*\*\* *P* \< 0.0001. (**c**) Underestimation of the latent reservoir size by the QVOA was calculated by dividing the number of intact proviruses by the QVOA result for each subject. Overestimation of the latent reservoir size by DNA PCR was calculated by dividing the *gag*^+^ provirus PCR values by the number of intact proviruses. Horizontal bars indicate median values. (**d,e**) Comparison of infected cell frequencies as determined by QVOA (pink), analysis of intact proviruses (yellow), and ddPCR for *gag*^+^ proviral DNA (blue) for three representative CP- (**d**) and AP- treated (**e**) subjects. All values are plotted as a percentage of the frequency of cells with *gag*^+^ proviral DNA. The number of *gag*^+^ proviruses per million resting CD4^+^ T cells as measured by ddPCR is indicated in parenthesis for each subject. For additional subject comparison plots, see [Supplementary Fig. 7d,e](#SD1){ref-type="supplementary-material"}.](nihms800456f4){#F4}
